Cu speciation was studied in four harbors on the south coast of Cape Cod, Massachusetts, that are exposed to varying degrees of Cu contamination from anthropogenic sources. Copper in waters outside the harbors was complexed by -10 nM of very strong chelators, twofold higher than ambient Cu concentrations. In Eel Pond (Woods Hole) and Falmouth Inner Harbor, total dissolved Cu concentrations were 7-lo-fold higher. However, because the strong chelators were saturated in these two harbors, the free Cu increased by l,OOO-fold, from -lo-l3 M to -lo-IO M. There was no evidence for any enhanced biological production of chelators in response to the elevated Cu concentrations. However, cell densities of cyanobacteria, which have been proposed as a source of strong Cu chelators in seawater, decline drastically in the high Cu harbors. These trends are consistent with culture studies showing that Synechococcus sp., the predominant cyanophyte in these waters, shows a dramatic decrease in growth rates above a free Cu2+ level of lo-l1 M. In Great Pond and Waquoit Bay, which showed no significant Cu contamination or saturation of strong ligands, cyanobacterial cell densities showed little or no decrease. Results suggest that significant anthropogenic inputs of Cu may overwhelm processes occurring in seawater that lead Cu and strong chelator concentrations to approach comparable levels.
The chemistry of copper in coastal waters is of considerable interest because it is highly toxic to marine organisms and because dissolved Cu concentrations are often significantly elevated in harbors and estuaries due to anthropogenic inputs. Copper is strongly complexed by organic chelators in seawater, which lowers its biological availability and consequently its toxicity because the free cupric ion, Cu2+, is the primary toxic form of copper (Sunda 1994 and references therein) . Therefore, characterization of the spatial and temporal variability and thermodynamic properties of these chelators is necessary in order to assess the environmental impact of Cu in aquatic ecosystems. Total dissolved copper concentrations in coastal waters typically range from 2 to 150 nM (Donat et al. 1994; Sunda et al. 1990; van den Berg et al. 1987) . If Cu were complexed solely by inorganic li-gands in seawater (primarily carbonate: Byrne and Miller 1985) , the concentration of free Cu2+ would range from 0.1 to 2 nM, which would be toxic to a variety of ecologically important phytoplankton and zooplankton species. However, complexation by organic ligands lowers Cu2+ to concentrations from CO.1 pM to 0.1 nM in coastal waters (Donat et al. 1994; Moffett and Zika 1987; Sunda et al. 1990; van den Berg et al. 1987) . Although these values are much lower, they still span a very large range, and at the higher end toxic effects on a variety of Cu-sensitive phytoplankton and zooplankton would be predicted. The large range in free Cu2+ concentrations arises because Cu speciation is dominated by low concentrations of very strong chelators (log K > 12), designated as class 1 ligands in the above citations, which are present at concentrations comparable to dissolved Cu concentrations. Therefore, small increases in the concentrations of dissolved Cu result in large changes in the concentration of Cu2+ as these ligands become saturated. Weaker ligands are also present in natural waters, and they become important when the strong ligands are saturated. They are designated as class 2 ligands. Class 2 ligands have lower conditional stability constants (log K = 8-l 1) but are generally present at much higher concentrations than is dissolved Cu. Consequently, small increases in dissolved Cu do not lead to drastic changes in free Cu when speciation is dominated by class 2 ligands.
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solved copper is not only important for Cu*+ variability; it also suggests that copper and these ligands are linked by mechanisms or processes through which the concentration of one influences the concentration of the other. Van den Berg et al. (1987) measured the concentration of Cu and class 1 ligands at various stations in the Scheldt estuary. They found a close correlation between dissolved Cu and class 1 ligand concentration. A correlation could simply reflect a common source, such as pore waters, or a point source within the estuary. However, there is almost a 1 : 1 stoichiometry between the concentration of class 1 ligand binding site and Cu concentration, which suggests that some type of feedback interaction could be regulating the concentration of these species. Berg et al. suggested that this could result from the preferential scavenging of copper, which is complexed by inorganic or weak organic ligands relative to Cu complexed by class 1 ligands. Any Cu in excess of the concentration of class 1 ligands would be scavenged rapidly, and Cu concentrations would approach class 1 ligand concentrations. In support of this proposed mechanism, Donat et al. (1986) found that Cu complexes with class 1 ligands are not retained on Sep-Pak columns, but Cu associated with weaker ligands is retained. It is also possible that Cu influences class 1 ligand concentrations. The marine cyanobacterium Synechococcus sp. produces an extracellular chelator that has binding characteristics comparable to class 1 ligands in the water column (log K = 13; Moffett et al. 1990; Moffett and Brand 1996) . Synechococcus is an important and ubiquitous constituent of marine phytoplankton assemblages, particularly in oligotrophic regimes, and it may be an important source of class 1 ligands in the upper oceanic water column. Synechococcus is extremely sensitive to Cu toxicity compared to eukaryotic phytoplankton (Brand et al. 1986 ), suggesting that production of a strong ligand may be a detoxification mechanism. In support of this hypothesis, Moffett and Brand (1996) showed that production of the extracellular chelator increases in response to Cu stress, and they found close to a 1 : 1 stoichiometry between chelator concentrations and dissolved Cu concentrations in culture filtrates. This relationship could arise from a feedback mechanism where production of the chelator is induced when Cu2+ rises above a threshold value and is shut off when the Cu is entirely complexed. Such a feedback mechanism could also contribute to similarities in the relationship between Cu and class 1 ligands in the water column, if ligand production by Cu-sensitive organisms is induced by excess levels of free Cu2+.
The close relationship between Cu and class 1 ligands is a general trend in the marine environment, but there are many instances where dissolved Cu significantly exceeds the concentration of class 1 ligands, resulting in pronounced increases in free Cu2+ levels. In south San Francisco Bay, Donat et al. (1994) observed that total Cu was four times higher than class 1 ligands, the majority of the copper being complexed with weaker organic and inorganic ligands. Clearly, in this environment, neither of the mechanisms described above are acting to bring concentrations of copper and strong ligands closer together. There are several explanations for these observations. For instance, the mechanism proposed by van den Berg et al. (1987) requires that Cu removal onto settling particles occurs rapidly relative to Cu input rates, because if it did not, a significant concentration of weakly bound (and therefore particle reactive) copper would accumulate. Presumably, estuaries such as south San Francisco Bay are subjected to high Cu inputs from anthropogenic sources that overwhelm the processes leading to convergence of class 1 ligand and copper concentrations. For instance, high affinity uptake sites for Cu on settling particles may be saturated at elevated Cu levels. Also, in situ biological production of chelators by Cu-sensitive organisms such as Synechococcus may not be important if growth of those organisms is inhibited in the presence of extremely high levels of Cu. The concentrations of free Cu2+ reported by Donat et al. (1994) are well above levels that are lethal to Synechococcus (Brand et al. 1986) .
In this work, we examined the effect of anthropogenic inputs of Cu on Cu speciation in a simple system: a small, Cu-contaminated basin with minimal freshwater inputs subject to tidal flushing with noncontaminated coastal waters. Two harbors on the south coast of Cape Cod were identified that fit these criteria: Eel Pond (Woods Hole) and Falmouth Harbor. Both are crowded anchorages, and we suspect that the Cu is derived from antifouling paint. Two other harbors were also studied in this vicinity that showed no appreciable increase in Cu relative to the outlying waters, which served as noncontaminated controls: Great Pond and Waquoit Bay.
The objective was to determine how Cu speciation changes in the water column as total Cu increases on going into the contaminated harbors and to compare Cu speciation in Cu contaminated and noncontaminated harbors. In particular, we wanted to see what the effect of elevated Cu might be on Cu speciation and to establish if any of the processes outlined above play a role in this system. Measurements of cyanobacterial cell densities were made in addition to Cu speciation for many samples. These measurements were performed because the principal cyanobacteria in these waters are Synechococcus sp. (Waterbury et al. 1986 ) that may be a source of Cu chelators or serve as indicator species for Cu toxicity. Their distribution might therefore provide some insight into water column effects on other organisms that show comparable Cu sensitivity in culture. In addition, the distribution of phytochelatins in the particulate fractions of many samples was measured. Phytochelatins are produced intracellularly in eukaryotic cells by a metal detoxification mechanism and are a potential indicator of metal stress. Those results are presented elsewhere (Ahner et al. 1997) .
The study sites were selected because the total Cu concentrations spanned a 16-fold range of values (5-80 nM), and Cu gradients were not associated with salinity gradients because the affected harbors had very small catchment areas relative to their size. In many estuaries that have been the focus of similar speciation studies, strong salinity gradients are associated with strong Cu gradients. In those estuaries, it is difficult to establish mechanistic links between Cu and strong ligands or to evaluate the effect of Cu speciation on water column biota, because such effects may be overshadowed by terrestrial inputs or salinity effects.
Speciation measurements were made using competitive ligand exchange/adsorptive cathodic stripping voltamrnetry (CLE/ACSV). With this method, a synthetic ligand is added to a sample aliquot that competes with naturally occurring chelators for a fraction of the dissolved Cu. The resultant complex absorbs onto a static mercury drop electrode and is detected by cathodic stripping voltammetry. Provided that the total Cu and conditional stability constants of the synthetic complexes are known, free Cu2+ (Cu?+) can be determined in a given sample. This approach offers tremendous advantages in sensitivity over direct measurements of free cl.l2+. As a result, most of the thermodynamic and concentration data currently available for class 1 ligands have been obtained with competitive ligand methods.
It is important that the conditional stability constants of the competing ligands be comparable to naturally occurring ligands in order to optimize the signal and minimize error propagation in speciation calculations. This issue has been considered in detail by van den Berg et al. (1990) , who used the term detection window to describe an optimum combination of competing ligand concentration and stability constant for a given system of natural ligands. In this study two competing ligands were used: salicylaldoxime (SA), a strong Cu chelator (Campos and van den Berg 1994) , and benzoylacetone (bzac) (Moffett 1995) , a moderately strong chelator. By using both ligands we were able to make accurate measurements in both strongly and weakly complexed samples.
Methods
Samples were collected from near the surface (0.1-0.5 m) with a pole sampler. With this device, a bottle is secured to a plexiglass holder attached to the end of a 3-m PVC pole (Schedule 40 2-inch-diam pipe). The bottle is dipped into the water, mouth down (to minimize collection of surface films). The bottle is then inverted and the pole swept through the water with the mouth pointing forward until the bottle is full. For most samples, a 500-ml Teflon bottle was used. Sampling was carried out from small boats or from docks and jetties ashore.
Samples for Cu speciation measurements were filtered through a 0.2-t,Lm Nuclepore filter within 2 h of collection, and speciation measurements performed by titrating samples with Cu and analysis by CLE/ACSV. These measurements were made using a PAR 264A polarographic analyzer with a PAR 303A static mercury drop electrode. Cu titrations were performed as follows. A seawater sample was divided into 20-ml aliquots in 125ml Teflon bottles. These were spiked with different concentrations of copper (O-200 nM) and benzoylacetone (l-5 X lo-" M). The solutions were generally allowed to equilibrate for 6-12 h before analysis, by which time steady-state values were obtained. For analysis, 10 ml of solution was transferred to a quartz sample cup and attached to the electrode. Instrument settings were: deposition potential, -0.08 V (vs. Ag/AgCl electrode); deposition time, td = 1 min; scan range, -0.08 to -0.5 V, scan rate, 10 mV s-l; drop time, 0.2 s; pulse height, 25 mV. Reduction of the copper bzac complex produces a well-defined peak at -0.27 V. Benzoylacetone was evaluated for this application with criteria established by van den Berg (1984) and coworkers (Donat and van den Berg 1992) for other CSV ligands for sensitivity, interferences, and Cu(B) stability constant determination (Moffett 1995; Moffett and Croot unpubl. data) . The sensitivity was 2 nA per nM Cu for a 60-s deposition time, which was comparable to other ligands, and the sensitivity to surfactant interferences was also comparable. No interferences were detected for Zn(II), Cd(II), Fe(III), Co(II), Mn(II), Pb(II), or Ni(I1) up to 100 nM using bzac as the CSV ligand. Several titrations were also performed with SA as the competing ligand to see whether the same results were obtained using a different competing ligand. Instrument settings and protocols when using SA were identical to those described by Campos and van den Berg (1994) .
Benzoylacetone (Aldrich) required purification before use. This was accomplished by recrystallization in aqueous ethylenediaminetetraacetic acid (EDTA) solution (10 -j M), followed by double recrystallization in distilled water to remove EDTA. A solution containing 5 X lo-* M bzac in methanol was used as a stock solution. Salicylaldoxime (Aldrich) was purified by recrystallization in the same manner.
The side reaction (CU) coefficient for Cu bzac complexes, defined as ([Cu(bzac) 
was determined at each bzac concentration used in the study, from analyses in UV-oxidized seawater containing the model ligands DTPA and EDTA (Moffett and Croot unpubl.) . Side reaction coefficients were proportional to [bzac12 over the concentration range l-5 X lop4 M bzac, indicating that the Cu(bzac), complex is the electroactive species. They indicate a conditional stability constant of log K = 10.7 for the bis complex, which was constant over the pH range 8.0-8.3, the range of values encountered in this study. Side reaction coefficients for Cu SA complexes were taken from Campos and van den Berg (1994) . The side reaction coefficient at 2 X lo-" M SA (7.1 X 103) is similar to the value for 5 X 10h4 M bzac (1.25 X 10d), so some titrations were performed on the same samples at these ligand concentrations for comparative purposes.
Measurements of Cu speciation in coastal waters by adsorptive stripping voltammetry are complicated by the presence of natural and anthropogenic surfactant compounds that interfere with the analysis. In CLE/ACSV, the Cu complexes with SA or bzac adsorb onto the static mercury drop during a deposition step before analysis. The Preconcentration of complexed Cu in this step is proportional to deposition time in oligotrophic ocean waters and waters that have been UV irradiated to destroy organic matter, and deposition times of up to 20 min lead to subnanomolar sensitivity. In coastal waters, surfactants compete with Cu complexes for the surface of the mercury drop, and this interference becomes more pronounced at higher deposition times. In this study, deposition times were limited to 15-60 s to avoid this interference. The sensitivity, S, is the relationship between the peak current (i,, in nA) and the concentration of Cu(bzac), (or CuSA):
[Cu(bzac),] = S X i,,.
(
S is determined from titration data by plotting peak current vs. Cu concentration at a given bzac concentration and measuring the slope in the linear region at the high Cu end of the titration, where naturally occurring ligands are no longer competing with SA or bzac for the added Cu. Generally, Titrations performed using CLE/ACSV yield the fraction of copper complexed by bzac (and hence electroactive) at different copper concentrations. This fraction is related to the side reaction coefficient by the following relationship:
where Z.K,L, = side reaction (a) coefficient for the naturally occurring ligands (including inorganic ligands), and &brac = side reaction coefficient for bzac complexes, which was determined against the model ligands. The side reaction coefficient for natural ligands is related to free cupric ion concentration by the relationship
In this equation [Cu,,,,,] -[Cubzac] = the total residual Cu (designated henceforth as Cu:), representing all forms of copper not complexed by bzac. Using these equations, the Cu; and the side reaction coefficients can be determined at different Cu; values. Estimates of conditional stability constants can be calculated from those data. Also, it is possible to estimate CU:~ in the original sample by plotting Cu;+ as a function of Cu; and determining Cu: by interpolation at the point where Cu; = total Cu in the original water sample.
Samples collected for Cu speciation measurements were treated in two different ways. Discrete samples were collected from each harbor at several different times, in the vicinity of the landward end points of the transects shown in Fig. I and from Vineyard Sound. Cu titrations were performed on these samples with a range of bzac and SA concentrations to obtain a large dataset for the estimation of conditional stability constants. Samples were also collected from Vineyard Sound for full titrations. Typically, more than 20 data points were obtained for each titration.
For the transect samples, fewer points were determined, because there was insufticient time to run full titratrons on these samples simultaneously. Instead, we titrated each sample over a limited range to determine the free Cu concentration as a function of Cu; over a range bracketing the total Cu of the original sample, so that free Cu2+ could be estimated by interpolation as described above.
The total dissolved copper concentration in each sample was determined after UV oxidation of a 100.ml aliquot of seawater, acidified to pH 2 with Ultrex HCI. The sample pH was adjusted to 7.7 with distilled ammonia and Hepes buffer and Cu analyzed by CSV with 2 X 10 n M brat.
For certain samples parallel titrations were performed with unfiltered samples to study the relationship between particulate Cu and dissolved speciation. Each 100.ml aliquot was incubated for 6 h after addition of Cu spikes and filtered through 0.2.pm acrodisc filters at 0.35 kg CIK*. The patic-"late material on the filter, which was not allowed to dry, was leached with a 10mn M EDTA solution to remove exchangeable Cu. We reasoned that this was the fraction most likely to be in equilibrium with aqueous phase ligands. The leachate was then analyzed for total Cu by graphite furnace atomic absorption spectroscopy.
Cell densities of cyanobacteria were determined by epifluorescence microscopy. Chlorophyll a was determined by passing samples through Whatman GF/C filters, extracting with acetone, and measuring fluorescence. Salinities were determined using a refractometer.
Results
Total copper-The location of the study sxtt's arc shown in Fig. I . Samples were collected on numerous occasions from the four main study sites as well as locations in the outlying waters (Vineyard Sound). Total copper concentn tions measured in samples collected on transects in August 1994 (Fig. 1) are typical of the concentrations found in this study. These data, along with ancillary measurements of chlorophyll and salinity measured on the transects, are shown in Table 1 . In Great Pond and Waquoit Bay, there was no significant increase in total Cu relative to the concentrations in Vineyard Sound. In Fahnouth Inner Harbor and Eel Pond, Woods Hole, total copper increased by a fac- tor of 7-10 over the concentration in Vineyard Sound. Both Eel Pond and Falmouth Harbor have a high density of moored pleasure craft, and Falmouth Inner Harbor has numerous boatyards along the shore. Great Pond has a low bridge across the harbor entrance and as a consequence has far fewer moored vessels and no boatyards. There is a large mooring area in Waquoit Bay, but it is small relative to the very large size of the bay and confined to the northernmost end (where higher Cu levels [5-10 nM] were sometimes observed). Elevated Cu is also derived from municipal sewage outfalls in many coastal environments, due to leaching of Cu from plumbing. There is no sewage outfall into Falmouth Harbor or Eel Pond, although inputs of copper from private septic systems cannot be ruled out. However, freshwater sources of Cu are unlikely to account for the differences observed between sites, as Eel Pond and Falmouth Harbor have the smallest gradients in surface salinity.
Seawater residence times in these harbors are short. (Weis and Weis 1995) . However, other studies have shown that only a small fraction of Cu leaches from these pilings over several years (Graham 1991) . Therefore, they are a less plausible source.
Free Cu2+ and cyanobacteria in August 1994 transectsMeasurements of free Cu and cyanobacterial cell densities determined from the August 1994 transect samples are shown in Fig. 2 . Free Cu increased by -1 ,OOO-fold on going from Vineyard Sound into Falmouth Harbor and Eel Pond. The total Cu in these samples' only increased by approximately a factor of seven, so the large increases in free Cu presumably reflect the saturation of class 1 ligands by anthropogenically derived Cu in these harbors. In Waquoit Bay and Great Pond, free Cu levels were extremely low. Low levels are not surprising, because total Cu did not increase in these harbors. However, free Cu values are lower than in Vineyard Sound, suggesting that there are additional sources of Cu chelators in these harbors. In the Waquoit Bay samples, Cu was so strongly complexed that we were unable to detect a signal, even at 5 X lop4 M bzac. The absence of a signal was partly because surfactant concentrations were so high that deposition times were limited to 15 s. Consequently, free Cu data reported for Waquoit Bay are an upper limit. Subsequent titrations have been carried out on Waquoit Bay samples with SA as the competing ligand and are reported below. The Vineyard Sound end-member for Waquoit Bay was also much lower than typical Vineyard Sound samples. This sample was probably collected within a plume of Waquoit Bay water, because it was taken outside the mouth of the harbor on an outgoing tide.
Cyanobacterial cell densities declined markedly (-2O-fold) in both Eel Pond and Falmouth Inner Harbor (Fig. 2) . There is an inverse correlation between free Cu and cell densities in both transects. In contrast, cell densities in Great Pond were invariant within the precision of measurement and decreased by 30-40% in the Waquoit transect. Collection of discrete samples at other times also indicate that cell densities in Eel Pond and Falmouth Inner Harbor are lower 794 Mofett et al. Brand et al. 1986 ). 0, +, Clone DC-2, isolated from the Sargasso Sea (multiple replicates). 0 , Clone WH8016, isolated from Woods Hole. The ranges of free Cu2+ concentrations determined in this study are superimposed. than elsewhere. On 14 September 1993, cell densities of Synechococcus in Eel Pond and Falmouth Harbor were 65 1 and 12 1 cells III-' compared with 3,000-5,000 cells ml I measured in offshore waters that month. These cell densities were much lower than in August 1994, probably reflecting seasonal, temperature-related changes (Waterbury et al. 1986 ).
The cell density data are consistent with growth rate measurements made by Brand et al. (1986) of Synechococcus sp. as a function of free Cu in culture. Data from that study are shown in Fig. 3 with the range of free Cu encountered in this study superimposed. From Fig. 3 , growth rates are expected to be negligible in Eel Pond and Falmouth Harbor. The strong gradients in cell density observed in each harbor probably result from advection of cyanobacteria into the harbors, cessation of growth due to copper, and subsequent removal by grazing or viral lysis. Estimates of cyanobacterial grazing rates predict a half-life of around 1 d in Vineyard Sound (Caron et al. 1991) . Therefore, the 20-fold decrease in cell densities would take -4 d due to grazing alone. This time is probably longer than the mean residence time of Eel Pond, but parcels of water at the innermost end of the transect are probably in the Pond for longer than this mean value. Furthermore, the half-life may be considerably shorter if viral lysis is taken into account. Cu titration data-The transect data suggest that the large increase in free Cu on going into Falmouth Harbor and Eel Pond is due to the saturation of strong class 1 ligands by anthropogenic Cu. In order to obtain information about the concentration and conditional stability constants of these ligands, more detailed titrations were performed on discrete samples. Figure 4 shows free Cu2+ plotted as a function of total Cu for a Vineyard Sound sample collected in August 1994 on which a full titration was performed. Cu2+ increases by almost three log units over the first 40 nM of total Cu but increases by less than one log unit between 40 nM and 80 nM. This plot is typical for a system where Cu is strongly complexed by strong ligands present at concentrations at or near the ambient Cu concentration. Figure 4 also shows titration data for a sample collected in Eel Pond. Copper is much less strongly bound, so data were only obtained using the lowest bzac concentration (1 Op4 M). Class 1 ligands were not detectable in Eel Pond, probably because they were completely saturated by the higher Cu levels in Eel Pond. However, comparison of the two titration data around 40 nM total Cu suggests that class 1 ligand concentrations may actually be lower than in Vineyard Sound. Similarities between the two titrations above 40 nM suggest that the concentration of class 2 chelators in Eel Pond and Vineyard Sound may be similar. Subsequent titrations of Eel Pond samples in 1994 and 1995 were very similar (data not shown).
Data plotted in Fig. 4 that were obtained with bzac at different concentrations provide consistent results, despite different detection windows. However, the data fall into distinct clumps based on bzac concentration. Therefore, in 1995, titrations were performed using a much wider range of Cu concentrations at each bzac concentration and also including several SA concentrations to obtain data with a significant overlap. Results for a Vineyard Sound titration (Fig. 5) equivalent within experimental error and show no systematic differences.
Titration data for a Falmouth harbor sample (Fig. 5) are contiguous with the Vineyard Sound data, suggesting that class 2 ligand concentrations are the same in these two samples. In contrast to Eel Pond, there is no indication that class 1 ligand concentrations might be lower than in Vineyard Sound. These features are representative of titration data obtained at other times for Falmouth Harbor.
Cu titration data from Waquoit Bay (Fig. 6 ) and Great Pond (Fig. 7) show that speciation was dominated by class 1 type ligands in both harbors. In contrast to Vineyard Sound, there is a significant discrepancy between the SA and bzac data at the upper end of the Waquoit Bay titration (Fig.  6 ). This reflects difficulties in obtaining an accurate estimate of S when using SA in waters containing high concentrations of ligands and surfactants. S could not be calculated from the linear region of a plot of peak height versus total Cu, as described in the methods section, because the mercury drop surface became saturated with Cu SA complexes before the competing natural ligands were titrated, a well-documented effect (Campos and van den Berg 1994) . The resultant plot had a sigmoidal shape without a linear region. Instead, S was estimated by making standard additions of Cu to Waquoit Bay samples containing SA and analyzing them within 30 s. Plots of i,, vs. Cu were linear at low concentrations, presumably because SA complexed Cu more quickly than the natural chelators on this time scale. S was -25% lower than the value determined in UV-irradiated seawater, which we attributed to surfactant interference. This value was used to calculate the data shown in Fig. 6 . However, it is also possible that S was actually the same in Waquoit Bay and UV-irradiated seawater but appeared low in Waquoit Bay because 30 s was insufficient time for all the Cu to be complexed with SA. If this was the case, then we underestimated S, leading to an underestimate of free Cu2+ for the SA data. This ambiguity reflects a serious shortcoming of SA in waters containing high levels of surfactants and chelators. In principle, this is also a limitation for other chelators that exhibit saturation effects, including bzac (Moffett 1995) . However, saturation effects for complexes with bzac occur at much higher Cu concentrations, and so determination of S was possible in all waters studied here.
Cu is only slightly elevated in the northernmost end of this harbor. Waquoit Bay has been studied extensively in recent years because of ecological problems associated with eutrophication. Chlorophyll data shown in Table 1 also indicate that all four harbors have high levels of phytoplankton biomass relative to Vineyard Sound. However, freshwater inputs are more important in Waquoit Bay than in Falmouth Harbor or Eel Pond as illustrated by the salinity data (Table l) , so a terrestrial source of class 1 ligands is also plausible. The concentration and conditional stability constants of
The conditional stability constants of class 2 ligands range Cu-binding ligands were estimated from titration data using from lOlo to lOI for most of the samples. Some of this FITEQL (Westall 1982) and are shown in Table 2 . Cu spevariability reflects the difficulty in accurately determining ciation in Vineyard Sound was dominated by class 1 ligands the total concentration of weaker ligands using FITEQL or that only exceeded the concentration of copper by a factor linearization methods that directly affect the estimates of of 2.5. In Waquoit Bay there was an increase in the concenconditional stability constants (Fish et al. 1986 ). For two tration of class 1 ligands relative to concentrations measured samples the class 2 ligand constants were higher (1O11,7 and in Vineyard Sound in August 1995. This increase probably 101l.l). Examination of the raw data suggests that these difreflects additional sources of these compounds other than ferences are real and may reflect temporal variability in the stimulation of production by Cu-stressed organisms, because sources of specific Cu-binding compounds.
Great Pond l 1 pM bzac A 2 /JM SA Cu uptake onto suspended particles-The preferential scavenging of Cu complexed by inorganic or weak organic ligands relative to complexes with class 1 ligands has been proposed to contribute to the close relationship between Cu and class 1 ligand concentrations in systems such as the Scheldt estuary (van den Berg et al. 1987) . Cu complexes with class 1 ligands are hydrophilic, as indicated by their lack of affinity for reverse-phase columns such as C-18 SepPak columns (Donat et al. 1986 ). We measured the uptake of Cu onto suspended particles in a contaminated and a noncontaminated harbor to determine if Cu was taken up more strongly when class 1 ligands were saturated. Samples were collected from Falmouth Harbor and Bournes Pond, a noncontaminated harbor very similar to Great Pond in Cu speciation characteristics. A subsample was filtered, titrated with Cu, and analyzed by CLE/ACSV (Fig. 8) . The remaining unfiltered sample was titrated with Cu, filtered, and the EDTA-exchangeable fraction leached from the filter. The results are summarized in Table 3 and Fig. 8 . Particulate Cu was a higher fraction of the total in Falmouth Harbor than in Bournes Pond, both in the initial sample and in the samples with added Cu. However, it increased only from -10 to -3O%, yet the free Cu2' in Falmouth Harbor was -100X higher. Of course, these results may reflect differences in the particulate phases in each harbor. However, partitioning did not increase in direct proportion to free Cu2' in the titrations of each sample either, as shown in Fig. 8 , where the particulate concentration and free ion concentration for both samples are plotted on the same axes. Free Cu2 t in the Bournes Pond sample increased l,OOO-fold over the titration, yet the particulate Cu only goes up by a factor of 10.
Our data are consistent with the mechanism proposed by van den Berg et al. (1987) , in that partitioning onto particles increased when Ll was saturated. However, partitioning was not a simple function of Cu2' concentration. Most likely, saturation of strong ligands or biochemical transport path- ways offsets the increased cupric ion activity. Uptake (and hence removal) of Cu by suspended particles probably occurs more rapidly in Falmouth Harbor than in Bournes Pond, but input fluxes from sources of contamination in these harbors and removal fluxes due to tidal flushing probably dominate this system, so a convergence in Cu and class 1 ligand concentrations is not observed.
Discussion
This study provides an excellent example of the consequence of Cu speciation being controlled by strong (class 1) ligands at concentrations very similar to dissolved Cu concentrations in uncontaminated waters. Class 1 ligands complex Cu very strongly but are readily saturated by additional inputs of Cu from anthropogenic sources. Relatively small changes in the Cu concentration in this study (7-10X) have led to much larger changes (> 1,000X) in concentrations of free CU~-~, the biologically available form. Culture studies indicate that a variety of marine phytoplankton and zooplankton species would be adversely affected by the cupric ion concentrations present in Eel Pond and Falmouth Harbor. Our study shows that the distribution of marine cyanobacteria, one of the most Cu-sensitive groups, is consistent with predictions from culture work.
Are there alternative explanations for the cyanobacterial distribution? Cyanobacterial cell densities are controlled by a variety of factors that influence growth rates as well as mortality. Clearly, our results do not rule out the possibility that other factors contribute to the declines in cell density in the Cu-contaminated harbors. However, the relatively invariant cell densities in Great Pond and Waquoit Bay make it unlikely that factors such as salinity or the higher primary production in the harbors (as indicated by the chlorophyll data) are directly responsible for a decline in growth rates. Indeed, it is remarkable that the cell densities of cyanobacteria throughout the locations we examined are relatively similar except in Falmouth Harbor and Eel Pond. Moreover, there is no a priori reason why mortality due to grazing or viral lysis should be higher in Eel Pond or Falmouth Harbor. It is possible that other contaminants may be present that are toxic to cyanobacteria, For instance, Zn concentrations determined by anodic stripping voltammetry in Falmouth Harbor and Eel Pond were typically -200 and -100 nM, compared to <5 nM in Vineyard Sound (data not shown). Zn may be toxic to some phytoplankton at elevated levels (Jensen et al. 1974) . However, Zn has also been shown to ameliorate Cu toxicity to several ciliates (Stoecker et al. 1986 ) and the diatom Thalassiosira pseudonana (Rueter and Morel 1981) , presumably by competing for uptake sites. There are no data for Zn effects on Synechococcus, so it is impossible to predict its role in these systems. In fact, there are no data in the literature for toxic effects of any trace elements or compounds other than copper. Moffett and Brand (1996) have shown that when Cu is added to cultures of Synechococcus, the organism produces a strong chelator that evidently detoxifies the added Cu.. Many eukaryotic phytoplankton also produce chelators in response to Cu stress, albeit weaker ones. In this study, there was no evidence for additional production of class 1 ligands in the contaminated sites, and indeed in Eel Pond it appeared that there may have been lower levels of class 1 ligands. The most likely explanation for the different behavior in cultures and the water column is that because cell densities in the water column are l,OOO-fold lower than in culture, production rates of chelators by Cu-sensitive organisms are slow relative to the rapid mixing times of these waters. Instead, cyanobacteria are overwhelmed by copper toxicity, leading to drastic declines in cell density.
The conditional stability constants determined for class 1 ligands in oceanic waters are comparable to estimates for chelators produced by cultures of Synechococcus (Moffett and Brand 1996) . Moffett (1995) has argued that Synechococcus may be an important source of class 1 ligands in the upper oceanic water column, where it is an important constituent of phytoplankton assemblages. In coastal waters, estimates of conditional stability constants for class 1 ligand complexes reported here and in the literature span a much larger range than in oceanic waters, with more values reported that are > 10 14. This range may reflect analytical or computational artifacts but may also reflect a greater diversity of binding sites produced from different sources in coastal waters.
What can we infer from these findings about the overall impact of Cu on water column ecosystems in these harbors? The agreement between the distribution of cyanobacteria in the water column and predictions based on culture studies suggests that it is reasonable to extrapolate other culture studies where physiological effects have been studied as a function of free metal ion concentrations. Brand et al. (1986) surveyed a variety of phytoplankton besides Synechococcus and found a wide range in sensitivity to Cu. Many species are predicted to exhibit diminished growth rates in Eel Pond or Falmouth Harbor, although only the dinoflagellates Prorocentrum sp. and Peridinium sp. and Synechococcus would be completely wiped out. Some species should not be affected at all over the range of cupric ion activities measured here, most notably the diatom Skeletonema costatum. Interestingly, S. costatum was the dominant species in Eel Pond during our studies.
Growth rates of small zooplankton should also be affected by these cupric ion concentrations. Larvae of the copepod Acartia tonsa show strongly diminished survival rates above a free Cu2+ concentration of 10-l' M (Sunda et al. 1987) . Stoecker et al. (1986) showed that several ciliates are affected by free Cu2-' levels as low as 3 O-l2 M.
There is also evidence that elevated Cu influences the physiology of eukaryotic phytoplankton. Eukaryotic phytoplankton produce compounds called phytochelatins in response to Cu stress (Ahner and Morel 1995) . Phytochelatins are peptides that bind and detoxify a variety of metals such as Cu and Cd intracellularly and may also be utilized in efflux mechanisms. Measurements of particulate phytochelatin were made on most of the samples collected in this study (Ahner et al. 1997) . Phytochelatins are elevated in samples collected in Eel Pond and Falmouth Harbor, relative to Vineyard Sound, Great Pond, and Waquoit Bay. For phytochelatin, as for cyanobacterial cell densities, the findings are in agreement with expectations from culture studies. Such elevated levels of phytochelatin may reflect enhanced intracellular accumulation of Cu, which may have important implications for toxicity to zooplankton.
When findings from published culture work and our field studies are examined collectively, it appears that the effect of Cu on the species composition and physiology of phytoplankton assemblages becomes apparent above a threshold free Cu2+ concentration of 10-l] M. From Figs. 4 through 7, 10 I I M is the concentration at the transitional region between Cu complexation by class 1 ligands and class 2 ligands. Therefore, it seems likely that phytoplankton are best adapted to regimes where Cu is tightly complexed by class 1 ligands and that saturation of these ligands represents a significant ecological perturbation.
